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Edited by Christian GriesingerAbstract In tritium–hydrogen exchange experiments, the large
GroEL substrate Rubisco was unfolded and exchanged in urea/
acid/tritiated water, then diluted into either protic buﬀer or pro-
tic buﬀer containing GroEL. The respective Rubisco metastable
folding intermediate or Rubisco-GroEL binary complex was then
separated from residual tritium after varying times of exchange
by centrifugation through P-10 or G-25 resin. No signiﬁcant tri-
tium was recovered in either case, in contrast to an earlier report.
Thus, although the earlier-proposed forced unfolding mechanism
for the action of GroEL on a bound polypeptide, occurring dur-
ing ATP/GroES binding, remains an attractive hypothesis, the
data here do not provide any indication that it is involved in
the folding of Rubisco.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Although structure and mechanism studies have provided a
general understanding of how the GroEL–GroES chaperonin
machine transits through a number of states associated with
binding and assisted folding of non-native substrate proteins,
it has been diﬃcult to resolve the conformations of substrate
proteins themselves [1,2]. This lack of resolution results from
the non-symmetric, non-ordered, and ensemble behavior of
non-native substrates. Fundamental questions about the con-
formational state(s) bound in an open ring and the states pop-
ulated during folding in the cis cavity thus remain to be
answered.Abbreviations: DHFR, dihydrofolate reductase; FRET, ﬂuorescence
resonance energy tranfer; HX-MS, hydrogen exchange mass spec-
trometry; Rubisco, ribulose-1,5-bisphosphate carboxylase-oxygenase
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doi:10.1016/j.febslet.2005.01.013One speciﬁc question concerning substrate proteins is how
GroEL mediates an unfolding action on incipiently misfolding
states. Such an action has been recognized in both kinetic and
biochemical studies. For example, in early kinetic studies of
the substrate protein, malate dehydrogenase (MDH), addition
of GroEL could rescue incipiently misfolding molecules from
irreversible misfolding and aggregation [3,4]. In other studies,
it was observed that many substrate proteins required multiple
trials at folding in a GroES-encapsulated cis cavity before they
could reach the native state, with release of substrate into the
bulk solution occurring after each trial [5–7]. For those re-
leased molecules that have failed to reach native form in any
given trial, rebinding to an open ring appears to be associated
with resumption of the original unfolded state(s), as judged
both from partial proteolysis and HX-MS studies [5,8]. Two
mechanisms for an unfolding action exerted by binding to an
open ring have been proposed, a thermodynamic one invoking
the preference of GroEL to bind less folded states, shifting an
ensemble of states in facile equilibrium toward the less folded
without aﬀecting the transition states [9,10], and a kinetic one
suggesting that multivalent binding could exert a catalyzed
unfolding action, lowering the barriers between states in the
ensemble [11].
In addition to such actions of an open ring in unfolding, a
further step in the reaction cycle has been proposed as a point
where unfolding could occur, namely when ATP/GroES bind-
ing occurs to a substrate-bound GroEL ring [12]. This step is
initiated by binding of ATP in the seven sites of a ring, produc-
ing a small degree of elevation and counterclowise twist of its
apical domains, allowing GroES to contact GroEL [13], fol-
lowed by a larger elevation (60) and clockwise twisting
(110) movement of the apical domains that removes their
hydrophobic surface from facing the central cavity [14,15].
This large movement is associated with release of polypeptide
from the hydrophobic binding sites (<0.5 s) and commence-
ment of folding in the GroES-encapsulated cavity [2,16,17].
It has been proposed that this movement could exert a
mechanical stretching of a polypeptide bound to multiple sites
before it is released from the binding sites into the chamber to
begin folding [12]. This mechanism was suggested to account
for the behavior of the substrate protein, Rubisco, in a tri-
tium–hydrogen exchange experiment. In particular, Shtilerman
et al. observed that tritium-labeled non-native Rubisco exhib-
ited 10–12 tritiums that were highly protected from exchangeblished by Elsevier B.V. All rights reserved.
Table 1
Tritium recovery: the number of protected tritiums per Rubisco
monomer
Expt.
#1a,d
Expt.
#2b,d
Expt.
#3b,d
Expt.
#4b,c,d
Rubisco only
5 mine 0 1.6 1.0 2.2
20 min 0 1.1 0.5 1.9
Rubisco + GroEL
5 min 3.8 3.2 – 3.6
20 min 1.1 1.1 – 2.5
20 min + ATP/GroES 0.5 1.2 – 2.2
aBio-Gel P-10 columns.
bSephadex G-25 columns.
cRubisco protein obtained from G. Lorimer (see text).
dThe background tritium levels measured from the control samples
without Rubisco were 689 cpm for Expt. #1, 34 cpm for Expt. #2 and
#4, and 56 cpm for Expt. #3. One protected tritium per Rubisco
monomer, after background subtraction, corresponded to 570 and
385 cpm for Expt. #1 and Expt. #2–4, respectively.
eThe times given are the elapsed times from the initial dilution, through
the ﬁrst column separation and any additional incubation, to the start
1184 E.S. Park et al. / FEBS Letters 579 (2005) 1183–1186(over a period of 30 min at pH 8), both in a metastable inter-
mediate state in solution and in the GroEL bound state. Ten of
these became rapidly unprotected upon addition of ATP/
GroES, consistent with a sudden disruption of the protecting
structure.
In contrast with these observations, hydrogen–deuterium ex-
change studies carried out with ﬁve other proteins while bound
to GroEL – human cyclophilin [18], a-lactalbumin [19], b-lac-
tamase [20], human DHFR [8,21], and porcine MDH [22] –
have failed to reveal any comparable degree of protection of
the bound protein from exchange. For example, with MDH,
another stringent substrate of GroEL, only a very weakly pro-
tected core structure (p.f. < 100) was observed when the non-
native substrate was complexed with a single ring version of
GroEL. Additionally, when ATP/GroES was added to this
binary complex, it did not aﬀect this core when MDH was
examined as early as 1 s after addition [22]. Considering these
contrasting ﬁndings and seeking to provide a basis for further
experimentation, we revisited the experiment of Shtilerman
et al.of the second column (see Fig. 1).2. Materials and methods
2.1. Proteins
GroEL, GroES, and Rubisco from Rhodospirillum rubrum were ex-
pressed in Escherichia coli and puriﬁed as previously described [17,23].
Note that the Rubisco protein used in this study is wild-type, expressed
from a construct obtained from ATCC. The Rubisco protein used in
Shtilerman et al. was a fusion containing 24 amino acid residues from
b-galactosidase at its N-terminus [12,24,25].
2.2. Isotopic labeling of Rubisco
Wild-type Rubisco (40 lM Rubisco monomer) was denatured and
isotopically labeled for 24 h at room temperature in denaturant (5 M
urea, 10 mMHCl, and 1 mM dithiothreitol) prepared in tritiated water
prepared in tritiated water (100 mCi 3H/mL). A 10-fold higher speciﬁc
activity was used here, compared to the 10 mCi/mL used in the exper-
iment by Shtilerman et al. [12], to enable a higher sensitivity.
2.3. Hydrogen exchange of Rubisco
The denatured and tritium-labeled Rubisco was diluted 20-fold to
2 lM (monomer) in 0.5 mL protic buﬀer (20 mM Tris, pH 8.0,
2 mM magnesium acetate, 2 mM potassium acetate, 1 mM DTT,
and 0.01% Tween-20) without or with GroEL (2 lM) at room temper-
ature to initiate the exchange of hydrogen and to form binary Rubisco-
GroEL complexes in the latter case. Rubisco does not spontaneously
refold or form aggregates within the experimental time (less than
30 min) under this condition. The bulk of free tritium was immediately
removed by centrifugation through a 1 · 5 cm column of either Bio-
Gel P-10 (Bio-Rad) or Sephadex G-25 Fine (Sigma). Columns packed
with Bio-Gel P-10 were used in Expt. #1, while columns with Sephadex
G-25 were used in other experimental sets (Expts. #2–4). Although
Bio-Gel P-10 resin provides somewhat better protein recovery than
G-25 (not shown), G-25 resin was used in most experiments to be con-
sistent with the previous experiments [12]. The diﬀerent types of pack-
ing resin did not make any diﬀerence in tritium recovery (see Table 1).
The columns were equilibrated with the same protic buﬀer, and the ex-
cess packing buﬀer was removed by 2 min centrifugation at 1400 · g
(650 · g for G-25) prior to use. To optimize protein recovery, 4 min
centrifugation at 1400 · g (650 · g for G-25) was used after the
samples were applied. The eluates were recovered and incubated for
various times (0–15 min) at room temperature for further exchange.
In some cases, 2 lM GroES and 5 mM Mg2+-ATP were added to
the GroEL-Rubisco binary complex after 15 min of incubation. After
the desired exchange time, any remaining free tritium was removed by
a second spin column. A control experiment was carried out omitting
Rubisco in order to obtain the residual free tritium level. The protein
recovery and the remaining tritium were measured by Bradford assayand liquid scintillation counting, respectively. The number of tritiums
that remained bound per Rubisco monomer was calculated from these
data.3. Results and discussion
The experimental scheme for isotopic labeling of Rubisco
and for measuring its protection from exchange following dilu-
tion from denaturant into protic buﬀer alone or containing
GroEL is shown in Fig. 1. Rubisco was incubated in tritiated
water containing urea and acid denaturants for 24 h at room
temperature to ensure complete labeling. As noted in Section
2, tritiated water with a 10-fold greater speciﬁc activity than
employed in Shtilerman et al. was used in order to increase
the sensitivity of detection. A control experiment with this iso-
tope-labeled Rubisco conﬁrmed its refolding by GroEL/
GroES/ATP to be indistinguishable from that of the non-la-
beled protein (not shown). After labeled Rubisco was diluted
into the protic buﬀer (left arm in Fig. 1) or into protic buﬀer
with GroEL (right arm), two spin columns were used to re-
move free tritium. The centrifugation speed and time were
optimized for protein recovery and removal of free tritium.
In Shtilerman et al., 45 s centrifugation times were used for
the separations, with 85% protein recovery (somewhat lower
for the metastable intermediate of Rubisco) [12,26]. We opted
to use 4 min, seeking higher protein recovery (95% for Rubi-
sco-GroEL binary complex, 85% for metastable Rubisco;
data not shown). It was observed that two sequential columns
removed free tritium by a factor of 5 · 107, leaving no more
than several hundred cpm at most; the residual level of tritium
in each experiment was taken as background in subsequent
calculations (see table legend).
The number of remaining tritiums per Rubisco monomer
after exchange for various times with or without GroEL are
listed in Table 1 and plotted in comparison with the previously
reported data in Fig. 2. In contrast to the previous study that
showed 10–12 highly protected tritiums with half-lives of
30 min and longer, each of the experiments here detected two
Fig. 1. An experimental scheme for measuring protected tritiums of
Rubisco upon dilution from denaturant into protic buﬀer (left) or into
protic buﬀer containing GroEL (right).
Fig. 2. The number of protected tritiums per Rubisco monomer after
hydrogen exchange for various times with or without GroEL.
Triangles are samples without GroEL and circles are with GroEL.
The data from [12] and this study are shown as open and solid
symbols, respectively. The data from [12] are used with the kind
permission of S.W. Englander.
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diate even at the shortest exchange time measured, suggesting
that there is no observable protected secondary structure inthe metastable intermediate state under the same conditions.
One or two more tritiums were protected in the Rubisco-
GroEL binary complex than in the metastable intermediate
after 5 min of exchange (totaling 3–4 tritiums), signiﬁcantly be-
low the level observed in Shtilerman et al. Moreover, these tri-
tiums were exchanged by 20 min, whereas they remained
unexchanged in the Shtilerman et al. study [12]. We speculate
that the one or two tritiums in the binary complex at early time
could result from an interaction between GroEL and Rubisco,
but these tritiums are not highly protected. Not surprisingly,
because few protected tritiums could be observed after 20 min
of exchange, there was no change in this number upon addition
of ATP/GroES at this time (Table 1, 20 min + ATP/GroES).
The diﬀerence between these results and those previously re-
ported raised the concern that it might be due to the diﬀerent
protein constructs used in the two experiments. Here we have
used wild-type Rubisco, whereas Shtilerman et al. employed a
Rubisco fusion protein containing 24 amino acids from b-
galactosidase at the NH2-terminus [12,24,25]. The activity in
CO2 ﬁxation of the fusion protein was indistinguishable from
that of the wild-type enzyme [27], and in the Rubisco crystal
structure, the extra residues did not appear in density and
hence were considered to be unstructured [28]. Nevertheless,
it is possible that the additional amino acids might have caused
structural changes relative to the wild-type enzyme in the
metastable intermediate state or in the GroEL-bound state
that could account for the diﬀering behavior. To address this
question, we obtained an aliquot of the Rubisco protein used
in Shtilerman et al. [12] from G. Lorimer, and repeated the ex-
change experiment (Expt. #4). As shown in Table 1, there is
only a small diﬀerence from the previous results. It was not
clear, however, that the Rubisco protein we obtained from
G. Lorimer was identical to that used in Shtilerman et al., be-
cause mass spectrometry showed it to be a mixture of two pro-
teins whose masses were consistent with Rubisco containing
either 5 or 7 amino acids from b-galactosidase, as opposed
to 24, possibly due to degradation during storage. Thus, it re-
mains possible that the protein used in Shtilerman et al. con-
tained all 24 amino acids and that the additional tag may
have led to the diﬀerent results. Nevertheless, it is clear from
our results with wild-type Rubisco that it does not have a re-
gion of strongly protected secondary structure that resists ex-
change at pH 8 for 5 min, either in the metastable
intermediate state or in the GroEL bound state.
In the absence of measurable protected secondary structure
in Rubisco, it is diﬃcult to establish a requirement for a
stretching mechanism. Recent real-time observations of apical
movement of substrate-loaded GroEL indicate that ATP/
GroES binding does confer a power stroke of apical movement
that drives polypeptide release [29]. While such movements
could in principle stretch (but see below) or disrupt any resid-
ual secondary or tertiary structure in a bound substrate pro-
tein, we observe here that, even for the large substrate
Rubisco, as for the other substrates examined previously, there
does not seem to be a detectable secondary structure in the
GroEL-bound state on which to act. Thus, as best as can be
observed, the apical powerstroke has a principal action of
breaking local contacts between substrate and GroEL, ejecting
substrate from the binding sites into the cis folding chamber.
Also consistent with lack of any stretching action during
ATP/GroES binding to a Rubisco-GroEL binary complex
are recent observations of Rubisco long-range structure during
1186 E.S. Park et al. / FEBS Letters 579 (2005) 1183–1186its binding to an open GroEL ring and ATP/GroES-triggered
folding, using a pair of ﬂuorescent probes placed on Rubisco
near its NH2- and COOH-termini, monitoring distance be-
tween the ﬂuorophores by FRET [30]. Lin and Rye observed
that the distance between the ﬂuorophores increased when
non-native monomers bound to an open GroEL ring to form
binary complexes, but then observed a rapid decrease in dis-
tance when ATP and GroES were added to initiate folding
(t1/2 = 0.5 s). This result implies that Rubisco is actually com-
pressed during release from the GroEL apical domains, rather
than being stretched or expanded [30].
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